Introduction
The Drosophila midgut consists of two germ layers, the visceral mesoderm and the endoderm. In the visceral mesoderm, secreted signaling molecules Decapentaplegic (Dpp), Wingless (Wg), and Vein (Vn) are expressed, and diffuse into the underlying endoderm. Subsequently, cell fates are specified through the different thresholds of Dpp-, Wg-, and epidermal growth factor receptor (EGFR) signaling to establish functional organization of the midgut (reviewed in Bienz, 1997; Nakagoshi, 2005) .
The middle midgut cells derived from the endoderm differentiate into four distinct types of cell: copper, interstitial, large-flat, and iron cells. Copper cells have invaginated microvillar membranes on their apical surface, which exhibit a typical banana shape, and they are involved in two distinct functions, i.e., copper absorption and acid secretion, which are visualized as a fluorescent signal and a color change of a pH indicator dye, respectively. When larvae are fed with the pH indicator dye bromophenol blue (BPB), the gut lumen posterior to the copper/interstitial cell region turns yellow (pH < 2.35) or green (2.35 < pH < 4) due to acid secretion 0925-4773/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2011.02.003 whereas other regions remain blue (pH > 4) (Dubreuil, 2004; Dubreuil et al., 1998) . To establish the acid secretion function, Dpp-and Wg-mediated signaling in interstitial cells and proper morphological development of copper cells are required Tanaka et al., 2007) . Furthermore, Wg signal reception during 14-21 h after egg laying is critically important to acquire the acid secretion function (Tanaka et al., 2007) .
The guts of the copper-fed larvae exhibit orange-red fluorescence (copper fluorescence) on excitation with UV-light (Poulson and Bowen, 1952) . This fluorescence reflects the absorption of copper and the formation of a coppermetallothionein complex (McNulty et al., 2001) . To establish the copper absorptive function, Wg signaling in copper cells, Notch signaling in adjacent interstitial cells, and intercellular communication between two types of cell are required (Tanaka et al., 2007) . During embryogenesis, the homeobox gene defective proventriculus (dve) is expressed in four types of middle midgut cell, whereas the dve 1 -lacZ reporter gene expression is repressed in larval copper cells. This repression requires for activity of Dve itself and Notch signaling, and forced expression of dve impairs the copper absorptive function without affecting the morphological development of copper cells (Nakagoshi et al., 1998; Tanaka et al., 2007) . Here, we present evidence that an isoform of Dve regulates two gut functions in a spatio-temporal manner.
2.
Results and discussion
Developmental expression pattern of two dve transcripts
The Drosophila Genome Project identified two transcripts, type A and type B, from the defective proventriculus (dve) locus (Fig. 1A) . The dve gene product (Dve) is a putative transcription factor containing two homeodomains (HD-N and HD-C) and a compass (CMP) domain (Fig. 1B) . These domains are evolutionarily conserved, and the CMP domain is found in Caenorhabditis elegans ortholog DVE-1 (ZK1193.5) and mammalian special AT-rich sequence binding proteins (SATBs) (reviewed in Bü rglin and Cassata, 2002) . Here, we designate the type-B specific exon as exon 2B, which joins exons 3-6 and generates the 3482-base transcript (FlyBase R5.27 ). The presence of this transcript was confirmed by RT-PCR, sequencing, and Northern blot analyses. When we used a probe including exons 5 and 6, two transcripts (4.9 and 3.5 kb) could be detected throughout all developmental stages, indicating that the long transcript (type A) is relatively abundant (Fig. 1C) . Using an imprecise excision method, we tried to isolate the type-A null allele and identified dve E181 in which the 4 kb fragment including the entire first exon is removed ( Fig. 1A and Supplementary material Fig. S1 ). The homozygous dve E181 mutants are semi-lethal, and morphological abnormality was not evident in escaper adults. To check the isoform-specific expression pattern, dve E181 mutant embryos were stained with anti-Dve antibodies, which recognize the common carboxy-terminal 368 amino acids including the HD-C (Nakagoshi et al., 1998 (Fuss and Hoch, 1998; Nakagoshi et al., 1998 reduced expression in the middle midgut, whereas expression in the proventriculus was only slightly reduced ( Fig. 1D and E, and Fig. S2 ). Thus, the middle midgut mainly expresses dve-A, while the proventriculus mainly expresses dve-B during embryogenesis.
Isoform switching during proventriculus development
To examine the expression pattern of dve-A, we used the GAL4 enhancer-trap line NP3060 that has a P-element insertion in the first exon (dve NP3060 ) ( Fig. 1A and Fig. S1 ). Although this GAL4 line could not reflect embryonic dve-A expression, the expression pattern of NP3060-driven green fluorescent protein (GFP) was nearly identical to that of anti-Dve staining in the larval proventriculus and wing discs ( Fig. 2A and B, and data not shown). This expression pattern raises a possibility that dve-B expression in embryonic proventriculus is shifted to dve-A expression at first-larval instar. To test this possibility, we performed anti-Dve staining for dve-A mutant larvae.
The dve gene is expressed in the outer layer of proventriculus which is derived from the endoderm (Nakagoshi et al., 1998) . The dve-A mutant proventriculus exhibited slightly thin shape, and Dve expression in the anterior region was completely lost (Fig. 2C ). In the middle region, we could detect faint Dve expression derived from the dve-B transcript. Interestingly, in the absence of Dve-A protein, Dve-B protein couldn't be localized into the nucleus and was distributed throughout cytoplasm ( Fig. S2I and J) . These results suggest that Dve-A-dependent nuclear localization of Dve-B and switching of major isoform from dve-B to dve-A occurs during proventriculus development. To further confirm the isoform switching, we examined the lacZ reporter expression of dve 1 enhancer-trap allele, which seems to reflect dve-B expression. Consistent with the above notion, dve 1 -lacZ (dve-B) is highly expressed in the proventriculus primordium at st. 16 and is greatly reduced at st. 17, indicating that switching of major isoform from dve-B to dve-A takes place at around st. 17 (Fig. S3 ).
2.3.
Type-A isoform is required for PV development
The homozygous larvae for the strong loss of function allele dve 1 are defective in proventriculus morphogenesis, resulting in feeding defect and lethality at first-larval instar (Nakagoshi et al., 1998 
Temporally regulated dve expression in copper cells
During embryogenesis, Dve is expressed in middle midgut cells including copper cell precursors. The homeobox gene labial (lab) is the copper cell determinant (Hoppler and Bienz, 1994) . In copper cell precursors, Dve and Lab are coexpressed, and Dve expression is subsequently repressed in larval copper cells. Thus, Dve is only expressed in adjacent interstitial cells but not in copper cells just after hatching (Nakagoshi Nakagoshi et al., 1998) , indicating that Dve-A activity is required for continuous dve-B repression in copper cells. These results also suggest that the Dve protein expressed in larval copper cells is Dve-A, although it is transiently repressed around hatching.
To confirm the isoform types in the larval midgut, we performed RNA interference (RNAi)-mediated knockdown of the dve-A transcript. Several RNAi lines were tested for their ability to repress Dve-A expression, and UAS-dveA-IR v3781 (Vienna Drosophila RNAi Center) was the most effective one. RNAi-mediated dve-A knockdown greatly reduced Dve protein level in copper cells but not in interstitial cells (Fig. S4) . Taken together, these results indicate that the larval midgut mainly expresses Dve-A in copper cells and Dve-B in interstitial cells.
Early Dve-A activity is required for dve-B repression in copper cells
To examine spatial and temporal requirement of the Dve-A activity, two GAL4 lines were used as all middle midgut driver. NP3123all expresses GAL4 from embryonic st. 12, while NP3012all strongly expresses GAL4 at first-larval instar, and embryonic expression is undetectable at least until early st. 17 (Tanaka et al., 2007) . The cell-type specific GAL4 drivers were also used; copper cell drivers (NP3270cop, NP3157cop), and interstitial cell drivers (NP3207int, NP3612int). To minimize off-target effects, two gut functions were evaluated at conditions not to affect the copper cell morphology. Therefore, dosage compensation of GAL4 driver (on the X chromosome) and developmental temperature were considered in each cross.
The RNAi induction for dve-A from the early embryonic stage (3123all > dveA-IR) resulted in ectopic dve 1 -lacZ (dve-B) expression in larval copper cells as observed for dve-A mutants ( Fig. 3D and E) , while dve-A inhibition at the late embryonic stage (3012all > dveA-IR, 3270cop > dveA-IR) had only a little effect on dve 1 -lacZ expression ( Fig. 3F and G) . These results suggest that early embryonic Dve-A activity is required for dve-B repression in larval copper cells. Furthermore, early Dve-A inhibition in interstitial cells (3612int > dveA-IR) did not affect dve 1 -lacZ expression (Fig. 3H) , suggesting that cell autonomous Dve-A activity is required for dve-B repression in copper cells. 
2.6.

Dve-A activity is differently required for two gut functions
During midgut development, expression of two Dve isoforms is highly dynamic; Dve-A is a major isoform in the embryonic middle midgut, transiently repressed in copper cells around hatching and re-expressed later (Fig. 3A and B) . On the other hand, isoform switching from Dve-A to Dve-B occurs in adjacent interstitial cells (Fig. 3C) . To our knowledge, this kind of spatio-temporal isoform switching is the first example, which is quite different between two adjacent cell types. Therefore, we examined the effects of dve-A mutation on functional differentiation.
In the absence of Dve-A (dve 1 /dve E181 ), aberrant isoform switching to Dve-B occurs in larval copper cells, but derepression of Dve-B could not be observed in the embryonic midgut ( Fig. 1D and E) . In this condition, two gut functions were substantially inhibited comparable to those of strong loss of function mutants (dve 1 homozygotes) (Fig. 4A) . However, these mutant phenotypes might be underestimated, as we could not check the midgut functions of non-feeding or proventriculus-defective larvae ( Fig. 2D and Fig. S2 ). For instance, the Dve-A inhibition throughout the endoderm from the early embryonic stage (48Y > dveA-IR) resulted in severe loss of two gut functions as well as ectopic dve 1 -lacZ expression (data not shown). Similar to this observation, the Dve-A inhibition in all middle midgut from the early embryonic stage (3123all > dveA-IR, Fig. 3E ) also resulted in reduced midgut functions comparable to those of dve mutants ( Fig. 4A and B) . Only in this cross, abnormal morphology of copper cells was observed in the male progeny (yw 3123all/ Y; UAS-dveA-IR/+ at 25°C). Therefore, two gut functions were scored for the female progeny (yw 3123all/+; UAS-dveA-IR/+ at 25°C; Fig. 4B ). The strong derepression of dve 1 -lacZ (dve-B) in larval copper cells is closely associated with reduced midgut functions (Figs. 3D and E, and 4) , however, they are separable in some cases.
The Notch signaling in interstitial cells and intercellular communication to adjacent copper cells are required for establishment of the copper absorptive function. The Notch activation at early embryonic stage is required for repression of dve-B in larval copper cells, whereas the Notch activity at late embryonic stage largely contributes to establishment of copper absorptive function rather than dve-B repression or the acid secretion function (Tanaka et al., 2007) . Similar to the requirement of Notch activity, the Dve-A activity at early stage is required for dve-B repression in larval copper cells (3123all > dveA-IR, Fig. 3E ), and the late Dve-A activity is required for the copper absorptive function rather than dve-B repression or the acid secretion function (3012all > dveA-IR, Figs. 3F and 4B). Interestingly, inhibition of the Dve-A activity in either cell type did not affect the copper absorptive function (Fig. 4B ), suggesting that Dve-A activities in these two cell types are redundantly required [activities (c) and (d) in Fig. 6 ].
On the other hand, inhibition of the Dve-A activity in copper cells (3270cop > dveA-IR, 3157cop > dveA-IR) significantly reduced the acid secretion function (Fig. 4B) . Thus, it is assumed that the establishment of acid secretion function largely Two midgut functions of larvae with RNAi-mediated knockdown of the Dve-A activity. The copper absorptive function is classified into 3 categories by the signal strength of copper fluorescence: normal (red), weak (dots), and absent (black). The acid secretion function is classified into 3 categories by the color of gut lumen: normal (yellow), weak (green dots), and defective (blue). The number of tested larvae is indicated as (N).
depends on the Dve-A activity in copper cells [activity (c) in Fig. 6 ]. However, inhibition of the Dve-A activity in all middle midgut at the larval stage (3012all > dveA-IR) did not affect acid secretion, suggesting that requirement of the Dve-A activity has a critical period, as observed for Wg signaling, to establish the acid secretion function (Tanaka et al., 2007) .
Spatio-temporal regulation of Dve isoforms is important for gut development
The dve-A isoform is major in the embryonic midgut, although the dve-B isoform is also weakly expressed (Fig. 1E and Fig. S3 ). However, the Dve protein level upon dveA-IR induction in larval interstitial cells was indistinguishable from that of wild type (Fig. S4) . In addition, the expression pattern of dve 1 -lacZ (dve-B) suggests that dve-B is mainly expressed in larval interstitial cells but not in copper cells. Thus, the temporally regulated dve-A repression and isoform switching to dve-B should be induced in interstitial cells. Even in copper cells, dve-A is transiently repressed nearly at the same timing. Inhibition of dve-A repression by the heat-shock mediated ubiquitous dve-A induction severely impairs the copper absorptive function (Nakagoshi et al., 1998) . Furthermore, we have also shown that the temporally regulated dve repression is crucial for wing patterning and leg joint formation Shirai et al., 2007) .
The forced dve-A expression by strong all mMG drivers (48Y and NP3012) appears to delay the timing of dve-A repression, and resulted in impaired gut functions (Fig. 5 and Table  S1 ). However, forced dve-A expression in a cell-type specific manner did not affect gut functions, suggesting a possibility that the temporally regulated dve-A repression in either cell type is sufficient for establishment of the gut functions.
The forced dve-B expression in early embryonic midgut (48Y > dveB-Y9N) also appears to disturb the ratio of two isoforms, and resulted in severe morphological abnormality (Table  S1 ). As the amount of exogenously expressed Dve isoform seems to be similar between UAS-dveA-9B2 and UAS-dveB-Y9N (Fig. 5A-C) , the low level expression of Dve-B isoform in the embryonic midgut seems to be important for gut development.
Physiological significance of two isoforms
At first-larval instar, dve 1 -lacZ (dve-B) is also expressed in other middle midgut cells, large-flat cells and iron cells, which are located posterior to the copper/interstitial cell region and mainly express Dve-A during embryonic stages. Therefore, the isoform switching to dve-B appears to be a common developmental program in the middle midgut, and it must be actively repressed in larval copper cells to ensure the Dve-A expression [activity (b) in Fig. 6 ]. In the absence of Dve-A activity, isoform switching could not be repressed and dve 1 -lacZ (dve-B) was derepressed in larval copper cells, and this condition severely impaired two gut functions. Thus, re-expression of Dve-A and repression of dve-B in larval copper cells seem to be crucial for functional differentiation, especially for the copper absorptive function, because the Dve-A inhibition from the larval stage (3012all > dveA-IR) did not affect the acid secretion function (Fig. 4B) . To check this point, we performed forced dve-B expression in larval copper cells (3157 > dveB-Y9N, Fig. 5D and Table S1 ). As expected, this condition only impaired the copper absorptive function, indicating that repression of dve-B in larval copper cells is crucial for establishment of the copper absorptive function. Interestingly, dve-B overexpression in larval interstitial cells impaired the acid secretion function but not the copper absorptive function (Fig. 5D and Table S1 ). It is assumed that overproduction of Dve-B competes with an activated form of endogenous Dve-B and interferes with the Dve-B-mediated gene regulation. These results strongly suggest that two Dve isoforms have different activities. Thus, further characterization of the isoform-specific functions is important to understand the mechanism of intercellular communication to establish the functional specificity.
Both of the dve gene products, Dve-A and Dve-B, have evolutionarily conserved domains, a CMP domain and two homeodomains, encoded by common exons 3-6 (Bü rglin and Cassata, 2002; Fuss and Hoch, 1998) . Therefore, two isoforms have different N-terminal sequences in which Dve-A, but not Dve-B, has a histidine/glutamine (HQ)-rich region (Fig. S5) . The Drosophila gene female lethal(2)d [fl(2)d] generates two alternatively spliced transcripts that can encode two isoforms differing at their N-terminal sequences. The large isoform (isoform-A) contains a HQ-rich region, and this isoform is responsible for fl(2)d functions, the female-specific splicing and sex-independent viability (Penalva et al., 2000) . Similar HQ-rich region is also found in mSry (mouse sexdetermining region on the Y chromosome), which is an HMG-box DNA-binding protein and acts as the master regulator of the male sex determination. The HQ-rich region in mSry acts as a domain for transcriptional activation and protein-protein interaction, and is essential for proper action of mSry (Bowles et al., 1999; Dubin and Ostrer, 1994; Tamashiro et al., 2008; Zhang et al., 1999) . Thus, it seems likely that the HQ-rich region of Dve-A has similar functions to establish functional specificity in the midgut. The identification of isoform-specific target genes and molecules required for isoform switching will clarify the mechanism of functional differentiation in the midgut.
3.
Experimental procedures
Fly stocks
Flies were reared on standard yeast/glucose medium at 25°C. Oregon-R flies were used as wild-type controls. The following dve mutant alleles were used. The enhancer-trap allele dve 1 (dve 1 -lacZ) was previously described (Nakagoshi et al., 1998) . dve NP3060 is a GAL4 enhancer-trap line that has a P-element insertion in the first exon (GETDB, Hayashi et al., 2002) . dve E181 is an imprecise excision allele that completely removes the first exon. Df(2R)dve 01D01W-L186 (dve
L186
) is a small deletion allele that completely removes the gene (Exelixis, Terriente et al., 2008) . To knock down the dve-A activity in a spatio-temporal manner, we used UAS-dveA-IR (v3781, Vienna Drosophila RNAi Center), which can induce RNA interference by expressing the inverted repeat (IR) sequence of exon 2A.
The following GAL4/UAS strains were used: 48Y (endoderm GAL4 line) (Martin-Bermudo et al., 1997) , NP3012all and NP3123all (all middle midgut GAL4 lines; on X), NP3207int and NP3612int (interstitial cell GAL4 lines; on X), NP3270cop and NP3157cop (copper cell GAL4 lines; on II) (Tanaka et al., 2007) , pros-GAL4 (neuronal progenitor GAL4 line) (Ohshiro et al., 2000) , and UAS-GFP.S65T (Bloomington).
Establishment of UAS-Flag-dveB lines
The type-B specific exon (2B) is 28 bp: 5 0 -AGTATCGTGC-CAAACATGCTGGAAGAAG-3 0 and the underlined ATG is the translational initiation codon. Using the exon 2B primer CP33: 5 0 -AGTATCGTGCCAAACATGCTGGAAG-3 0 and several primers in the exon 5, the type-B (dve-B) transcript was confirmed by RT-PCR and sequencing. To construct dve-B expression vector, RT-PCR was performed using primers CP34: 5 0 -CCAACCATGGTGGAAGAAG-CCAAATCAC-3 0 (exon 2B and 3) and CP28: 5 0 -AAGTCCATCTCGCCGGGCACTGCCACTGGA-3 0 (exon 5). The CP34 primer has two base substitutions adjacent to the translational initiation codon, and generates a restriction enzyme site (CCATGG, NcoI) with an amino acid change at position 2 (leucine to valine). The amplified NcoI-EcoRV fragment (exons 2B-4) was ligated with the EcoRV site of fulllength cDNA containing common exons 4-6, and subcloned into the pSP64-Flag vector (Peltenburg and Murre, 1996) . The Flag-dveB fragment was subcloned into the XhoI-KpnI site of pUAST vector and transgenic flies were established using Pelement mediated germline transformation under standard procedures. The expression level of UAS-Flag-dveB-Y9N line (on the second chromosome) is slightly lower than that of the UAS-dveA-9B2 (previously named as UAS-dve-9B2, Nakagoshi et al., 1998) .
Northern blot analysis
Twenty microgram each of polyA-rich RNA was separated on a 1.2% agarose/formaldehyde gel, transferred to a Hybond N + membrane (GE Helthcare Life Science), and hybridized with 32 P-labeled probes. To detect the dve transcripts (4.9 kb dve-A and 3.5 kb dve-B), the 2.3-kb EcoRI fragment of cDNA including exons 5 and 6 was used. As an internal control, the D-ras2 (Ras64B) transcript (1.7 kb) was detected with the 1.2-kb HindIII-BamHI genomic fragment including exon 3 using a radioimage analyzer BAS2000 (Fujix).
3.4.
Immunohistochemistry and X-gal staining
Embryos were fixed, and reacted with the rabbit anti-Dve antibodies (1:1000) with Biotin-cconjugated secondary antibodies (Jackson Immunoresearch), and horseradish peroxidase (HRP)-conjugated avidin-biotin complex solution (ABC Elite; Vector Labs) and diaminobenzidine (DAB) were used for detection. For X-gal staining, larvae were dissected in 1% gultaraldehyde/phosphate-buffered saline (PBS), washed with PBS several times, stained with 0.1% 5-bromo-4-chloro-3-indolyl-b-galactopyranoside (X-gal) for b-galactosidase activity, and mounted in 80% glycerol. The Nomarski images were obtained with a Zeiss AxioVision 3.0, and the photo images were processed using a Photoshop software (Adobe). For confocal microscopic observation, rabbit anti-Dve (Nakagoshi et al., 1998) , mouse anti-b-galactosidase (Promega), and mouse anti-Coracle (Developmental Studies Hybridoma Bank, DSHB) were used for primary antibodies. FITC-, Cy3-or Cy5-conjugated secondary antibodies (Jackson Immunoresearch) were used for detection. Phalloidin-FITC (SIGMA) and TO-PRO3 (Invitrogen) were used to detect actin and DNA, respectively. Confocal images were obtained with an OLYMPUS FV300.
Proventriculus (PV) function
The yeast paste containing 0.25% bromophenol blue (BPB) was fed to hatched larvae for >5 h (at 25°C) or >15 h (at 18°C). The first-instar larvae were then dissected in PBS, and the color of PV and gut lumen was immediately observed. The PV function was classified into four categories: normal, weak, defective, and non-feeding. In ''normal'' larvae, no colored PV is observed, and gut lumen is strongly colored. In ''weak'' larvae, both PV and gut lumen are colored. In ''defective'' larvae, PV is only colored, and no colored gut lumen is observed. In ''nonfeeding'' larvae, both PV and gut lumen are not colored at all.
Evaluation of midgut morphology and functions
To check the midgut morphology, larvae were dissected in 1% gultaraldehyde/PBS, washed with PBS several times, and the number of cells exhibiting typical features of an invaginated apical membrane (banana shape) was scored for the posteriormost 20 cells. To check the midgut functions, yeast paste containing BPB (+CuSO 4 for copper absorptive function) was fed to hatched larvae for >5 h (at 25°C) or >15 h (at 18°C). The acid secretion function was evaluated by the color of gut lumen. BPB turns yellow (pH < 2.35), green (2.35 < pH < 4), or blue (pH > 4) (Dubreuil et al., 1998) . The copper absorptive function was evaluated by the signal strength of copper fluorescence: normal, weak, and absent (Tanaka et al., 2007) .
